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Abstract: Dendritic cells (DC) are antigen-presenting cells uniquely capable of priming naive 
T cells and cross-presenting antigens, and they determine the type of immune response elicited 
against an antigen. TAT peptide (TATp), is an amphipathic, arginine-rich, cationic peptide that 
promotes penetration and translocation of various molecules and nanoparticles into cells. TATp- 
liposomes (TATp-L) used for DC transfection were prepared using TATp derivatized with a lipid- 
terminated polymer capable of anchoring in the liposomal membrane. Here, we show that the 
addition of TATp to DNA-loaded liposomes increased the uptake of DNA in DC. DNA-loaded 
TATp-L increased the in vitro transfection efficiency in DC cultures as evidenced by a higher 
expression of the enhanced green fluorescent protein and bovine herpes virus type 1 glycoprotein 
D (gD). The de novo synthesized gD protein was immunologically stimulating when transfections 
were performed with TATp-L, as indicated by the secretion of interleukin 6. 
Keywords: dendritic cell transfection, green fluorescent protein, bovine herpes virus 1 
glycoprotein D, liposomes, TAT peptide, interleukin 6 

Introduction 

Dendritic cells (DC) are professional antigen-presenting cells (APC), central to the 
immune response. DC initiate primary immune responses in vivo and are key linkers 
between innate and adaptive immunity. These cells function in the presentation of 
antigens, a critical role that leads either to an immune response or anergy toward the 
antigen. DC are capable of priming naive T cells and cross-presenting antigens and 
determining the type of immune response. 1 ' 2 

Peptides, derived from endogenous antigens degraded in the cytosolic space via 
the proteasome system, are presented mainly by major histocompatibility complex 
(MHC) class I molecules and initiate cellular immunity through cytotoxic T lympho- 
cyte (CTL) activation, whereas peptides from extracellularly endocytosed antigens, 
which are degraded in the lysosomes, are presented mainly by MHC class II molecules 
followed by activation of antibody (Ab)-secreting B cells. 3 

One of the challenges in vaccine development is the activation of CTL-mediated 
responses. However, it is difficult to elicit a CTL-mediated response when using 
inactivated antigens or peptides since they are captured and processed by APC as 
exogenous antigens. 4 Still, a CTL-mediated response may become possible following a 
DNA transfection that results in the de novo synthesis of the desired protein, which is 
then presented as an endogenous antigen. In addition, Ab-mediated protection against 
cancer and some viral infections is not as efficient as cellular immunity. In herpes 
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virus infections, both the eradication of infected cells and 
the inactivation of viral particles are crucial to successful 
therapies. 5-14 

The genetic manipulation of DC should prove very useful 
for vaccination or cancer therapy. 15 " 17 Good levels of trans- 
fection of DC in humans and mice have been achieved in 
vitro with different techniques. The electroporation method 
is tricky and is used preferably with mature DC. 1819 Synthetic 
transfection reagents are inefficient for gene transfer to DC 
and are usually too toxic for use in vivo. 20 Viral vectors 
themselves, even when efficient, also present the risk that 
viral products will interfere with normal cell functions. 21 

Liposomes are lipid bilayered nanovesicles, which can 
serve as carriers for DNA, proteins, and other antigens, 
as well as drugs. They are now widely used for cancer 
research and treatment, and in experimental gene therapy. 
Liposomes modified with cell-penetrating peptides, such 
as TAT peptide (TATp-L), can be prepared by attachment 
of TATp to polymer-lipid conjugates, such as polyethylene 
glycol-phosphatidylethanolamine (PEG-PE), followed 
by incorporation of the TATp-PEG-PE into the liposome 
membrane with this lipid moiety. Cell-penetrating peptides 
represent amphipathic, arginine-rich, cationic peptides that 
penetrate and translocate into the cell. 22,23 

TATp-L would seem to be good candidates for DC 
transfection. TATp-L characterization, its properties, and 
the ability to improve transfection in various cell lines and 
spleen-derived macrophage primary cultures have been 
demonstrated in our previous studies. 24 " 27 The activation of 
DC has been shown to be especially important in the gen- 
eration of an immune response and is currently considered 
a requirement/necessary for the generation of a good CTL 
response for the prevention of certain infectious diseases or 
in the treatment of cancer patients. 

Here, we show that the modification of liposomes with 
TATp increases the uptake and internalization of liposomes 
in DC. In addition, TATp-L increase the in vitro transfection 
efficiency by DC cultures as evidenced by an enhanced green 
fluorescent protein (EGFP) and bovine herpes virus type 1 
(BoHV-1) glycoprotein D (gD) expression. Moreover, the 
de novo synthesized gD is immunologically active when 
transfections are performed with TATp-L, as indicated by 
the secretion of interleukin (IL)-6. 

Materials and methods 

Materials 

Egg phosphatidylcholine, cholesterol, 1,2-dioleoyl-sw-glycero- 
3-phosphoethanolamine (DOPE), l,2-distearoyl-s«-glycero-3- 



phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] 
(PEG 2K -DSPE), 1 ,2-dioleoyl-3-trimethylammonium-propane 
(DOTAP), and l,2-dioleoyl-^«-glycero-3-phosphoetha- 
nolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE) 
were purchased from Avanti Polar Lipids (Alabaster, AL, 
USA). Polyoxyethylene (MW 3400)-bis(/?ara-nitrophenyl 
carbonate) (PEG 3 4K -(pNP) 2 ) was purchased from SunBio 
(Anyang City, South Korea). CL-4B sepharose, triethylamine, 
tryptone, yeast extract, and components of buffer solutions 
were from Sigma-Aldrich (St Louis, MO, USA). Lipofectin®, 
Lipofectamine®, and Hoechst 33342 were from Invitrogen 
Life Sciences (Life Technologies, Carlsbad, CA, USA). TATp 
(11-mer: YGRKKRRQRRR, 1.56 KDa) was prepared by 
Invitrogen Life Sciences. Roswell Park Memorial Institute 
(RPMI)- 1 640 medium and heat-inactivated fetal bovine serum 
(FBS) were supplied by Cellgro (Mediatech Inc, Manas- 
sas, VA, USA). Fluorescence-free glycerol-based mounting 
media (Fluoromount-G™) was from Southern Biotechnology 
Associates (Birmingham, AL, USA). The pEGFP-Nl plas- 
mid designed for eukaryotic cell expression of the EGFP was 
obtained from Elim Biopharmaceuticals Inc (Hayward, CA, 
USA). The eukaryotic cell expression systems with cytomega- 
lovirus promoter pCI-neo (pCIneo), and BamHI and EcoRI 
restriction enzymes were from Promega (Madison, WI, USA). 
The pCIgD A plasmid for the eukaryotic cell expression of the 
BoFTV- 1 (GenBank Accession number Emb AJ00480 1 ) gD was 
designed at the Instituto Nacional de Tecnologia Agropecuaria 
(INTA) (Hurlingham, Argentina). 28 Competent Escherichia 
coli DH5a were from INTA. A transfection grade purification 
Plasmid Mega Kit was purchased from Qiagen (Valencia, CA, 
USA). Mouse monoclonal Ab (mAb) against gD was kindly pro- 
vided by Dr Lome Babiuk 29,30 (Vaccine and Infectious Disease 
Organization [VIDO], University of Saskatchewan, Saskatoon, 
SK, Canada). Molecular weight marker kaleidoscope prestained 
standards were from Bio-Rad Laboratories (Hercules, CA, 
USA). Female 6-8 week old BALB/c mice were purchased 
from Charles River Laboratories (Wilmington, MA, USA). 
Lab-Tek 4-, 8-, and 16- well cell culture chambers were from 
Nunc-Thermo Fisher Scientific (Rochester, NY, USA). Murine 
recombinant granulocyte-macrophage colony-stimulating 
factor (mr-GM-CSF) was obtained from R&D Systems (Min- 
neapolis, MN, USA). Luria Bertani medium was prepared 
according to Qiagen Plasmid Mega Kit datasheet specifications. 
Fluorescein isothiocyanate (FITC)-labeled anti-mouse CD1 lc 
(cluster of differentiation 1 lc), peridinin chlorophyll cyanine 
5.5 (PerCP-Cy5.5)-labeled anti-mouse CD1 lc, phycoerythrin 
(PE)-labeled anti-IA d (MHC class II), PE-labeled anti-mouse 
Gr-1 (granulocyte-differentiation antigen- 1) mAbs, FITC, or 
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PerCP-Cy5.5-labeled Armenian hamster immunoglobulin G 
(IgG) and PE-labeled rat IgG2b isotype controls were pur- 
chased from eBioscience (San Diego, CA, USA). Complete 
RPMI (comp-RPMI) was prepared with RPMI-1640, 10% 
FBS, and 5.5x1 0 -5 M 2-mercaptoethanol from Sigma- Aldrich, 
and penicillin-streptomycin and amphotericin-B mix from 
Invitrogen Life Sciences. Dendritic cell RPMI (DC-RPMI) was 
prepared with comp-RPMI plus 20 ng/mL of mr-GM-CSF. 

Generation of bone marrow-derived DC 

Bone marrow-derived DC were obtained as described in Inaba 
et al 31 with modifications. Briefly, mice were anesthetized, sac- 
rificed by cervical dislocation following a protocol approved 
by Northeastern University Institutional Animal Care and Use 
Committee in accordance with Principles of Laboratory Animal 
Care (NIH publication No 85-23, revised in 1996), and soaked for 
1 0 minutes in 70% ethanol. The femurs and tibias were removed 
and placed in 70% ethanol for 1 minute. The epiphyses were 
discarded and the diaphyses were placed in a 5 mL Petri dish 
with sterile comp-RPMI. Cells were removed by perfusion with 
media from a syringe with a needle inserted in the widest end of 
the bone. Collected cells were dispersed with a syringe and centri- 
fuged at 1 ,200 rpm (315 RCF) for 5 minutes at room temperature 
(RT) in a Sorvall® RT6000B (Du Pont Company, Wilmington, 
DE, USA) with H1000B rotor. The cell pellet was resuspended 
in DC-RPMI at a concentration of lxlO 6 cells/mL. 

The cultures were fed at 48-hour intervals for 6 days by 
repeating the same procedure. The plates were gently swirled 
to remove nonadherent granulocytes without dislodging clus- 
ters of developing DC that were loosely attached to firmly 
adherent macrophages. Then 80% of the media was aspirated 
and removed. Fresh DC-RPMI was added very slowly to 
avoid disrupting the clusters. At day 8, the cell aggregates 
were harvested by trypsinization for 5 minutes, followed by 
centrifugation as above and overnight subculture at 3xl0 5 
cells/mL in comp-RPMI. The subcultures were fed at 48-hour 
intervals from days 10 to 14 with comp-RPMI. 

Between days 4 and 14 of culture, cells were tested for 
specific markers. When more than 60% of the loosely adher- 
ent cells expressed the CD1 lc marker, they were considered 
ready to use. 

Synthesis of pNP-PEG-PE 

pNP-PEG-PE was synthesized according to a previously 
published procedure. 32 Approximately 30 |J.mol of DOPE 
was dissolved in chloroform to obtain a 50 mg/mL solution 
and supplemented with 80 |iL (circa 2-fold molar excess 
over PEG 34K -[pNP] 2 ) of triethylamine. Then 300 jimol of 



PEG 3 4K -(pNP) 2 dissolved in 5 mL of chloroform was added 
to the mixture and the sample was incubated overnight at 
RT with stirring under argon. The organic solvents were 
removed using a rotary evaporator. The pNP-PEG 3 4K -DOPE 
micelles were formed in 0.01 M HC1, 0.15 M NaCl using 
water bath sonication. The micelles were separated from the 
unbound PEG and the released pNP on a CL-4B column 
using 0.01 M HC1, 0.15 M NaCl as an eluent. Pooled frac- 
tions containing pNP-PEG 3 4K -DOPE were freeze-dried, and 
the pNP-PEG 3 4K -DOPE was extracted with chloroform. The 
latter procedure was repeated twice to ensure the complete 
removal of NaCl from the preparation. pNP-PEG 3 4K -DOPE 
was stored as a chloroform solution at -80°C. 

Synthesis of TATp-PEG-PE 

The attachment of TATp to pNP-PEG 3 4K -DOPE was carried 
out according to a previously published procedure. 32 Briefly, 
chloroform was removed from the pNP-PEG 3 4K -DOPE solu- 
tion by rotary evaporation. The pNP-PEG 3 4K -DOPE micelles 
were formed in an Na-citrate buffer, pH 5.1, and mixed with 
TATp in a borate buffer, pH 8.5. The TATp-PEG-PE sample 
was incubated overnight at RT, and dialyzed against water 
to eliminate the unbound TATp and free pNP, freeze-dried 
and stored at -80°C. 

Preparation of cationic liposomes 

TATp-L: A lipid film was prepared by rotary evaporation from 
a mixture of phosphatidylcholine, cholesterol, DOTAP, and 
TATp-PEG 34K -DOPE (60:30:10:2 molar ratio) with a 0.25 
molar fraction of Rh-DOPE (when visualization was needed) 
in chloroform. This film was rehydrated for 30 minutes in 
sterile HEPES-buffered saline (HBS), pH 7.4, at a concentra- 
tion of 1.78 u.g lipid/uL. The suspension was vortexed for 5 
minutes, and extruded through a polycarbonate filter (200 nm 
pore size) with an Avanti Polar Lipids MiniExtruder. 

Plain liposomes (plain-L): These liposomes were pre- 
pared using PEG 2K -DSPE instead of TATp-PEG 3 4K -DOPE 
following the procedure just described. 

Liposome sizes were measured by the dynamic light 
scattering on a Coulter N4 Plus (Coulter Corporation, 
Miami, FL, USA) submicron particle analyzer. Z-potential 
was measured with a Brookhaven Instruments Corporation 
(Holtsville, NY, USA) analyzer. 

Preparation of liposome-plasmid 
complexes 

Liposomes were incubated with pEGFP-Nl or pCIgD A 
overnight at 4°C at the cationic-lipid/DNA molar ratio of 



International Journal of Nanomedicine 2014:9 



submit your manuscript | www.dovepress.com 
Dovepress 



965 



Pappalardo et al 



Dovepress 



5.7:1. The liposome-plasmid complexes were prepared by 
incubating 12 |ig DNA with 800 uL of liposome suspension 
(a 0.015 ug DNA/uL liposome suspension). To assess the 
complex's stability, a sample of the liposome-plasmid com- 
plex was treated with Triton X-100 for 60 minutes at 37°C 
to release the plasmid from the complex (duplicate sample 
was treated in phosphate-buffered saline [PBS] at the same 
conditions as the control) and then subjected to agarose gel 
electrophoresis. Lipofectin and Lipofectamine with plasmid 
complexes were prepared according to the manufacturer's 
instructions with the same quantities of DNA. 

Agarose gel electrophoresis 

Electrophoresis was performed with the Invitrogen E-Gel 
electrophoresis system. A precast 0.8% agarose E-Gel car- 
tridge was pre-run for 2 minutes at 60 V and 500 mA fol- 
lowed by loading of liposomes pretreated with Triton X-100 
or PBS (control). The gel was run again for 30 minutes at 
60 V and 500 mA and photographed over an ultraviolet box 
(Photodyne; New Berlin, WI, USA). 

Uptake of liposomes by DC 

Liposome uptake by DC, their intracellular localization 
and intracellular fate were studied in DC treated with Rh- 
liposomes. DC were grown in Lab-Tek chambers at 2xl0 5 
DC per well in 8-well chambers, or at 4xl0 5 DC per well in 
4-well chambers (equal in surface area to the 24-well plates, 
used to perform the transfections), and treated with differ- 
ent formulations in serum-free RPMI at 37°C under 5% 
CO r The medium was removed, and the cells were washed 
with sterile PBS, pH 7.4, incubated for 5 minutes, and fresh 
comp-RPMI immediately added. After 15, 30, 60, and 120 
minutes incubation, cell nuclei were stained with Hoechst 
33342 for 10 minutes, washed with sterile PBS and resus- 
pended in comp-RPMI after detachment from the chamber. 
To avoid cell crushing, coverslips with small separators were 
used to create a thin (0.1 mm) chamber for the cells. No 
mounting media was used to avoid artifacts. Samples were 
viewed by epifluorescence microscopy at different planes 
when necessary with an Eclipse E400 (Nikon Corporation, 
Tokyo, Japan). 

Transfection in vitro 

DC were transfected using various formulations of liposome- 
plasmid complexes. DC were grown in Lab-Tek chambers 
with 2xl0 5 DC per well in 8-well chambers, or at 4xl0 5 DC 
per well in 4-well chambers and incubated with different 
formulations (in the quantity required to deliver 0.6 Ug of 



DNA per 2xl0 5 DC at a DNA concentration of 0.015 \Lg/\iL 
of added liposomal suspension) for 5 hours in a serum-free 
RPMI at 37°C under 5% CO r The same quantity of Lipofec- 
tin-pEGFP-N 1 or Lipofectamine-pCIgD A complex with the 
same lipid-to-DNA ratio was used as a positive transfection 
reagent control. Negative nanovehicle controls were also used 
(various plasmids plus HBS). After transfection, the medium 
was removed, and fresh comp-RPMI was added immediately. 
After 48 hours of reincubation, the cell nuclei were stained 
with Hoechst 33342 for 10 minutes, washed with sterile PBS, 
mounted with fluorescence-free glycerol-based mounting 
medium and viewed by epifluorescence microscopy. 

Duplicate samples in 24-well plates were chilled at 4°C 
for 15 minutes and then trypsinized at 37°C for 10 minutes 
with constant rocking in order to assure complete detachment 
of the DC culture that in some cases became strongly attached 
to the plates after treatment. Cell samples were labeled with 
PerCp-Cy5.5 anti-mouse DC 11c mAb for flow cytometry, 
without the use of Hoechst 33342 to avoid fluorescence 
interference. 

Flow cytometry 

Cells were labeled using fluorochrome-labeled mAbs 
(eBioscience) to evaluate the expression of cell-surface 
molecules as previously described. 27 Briefly, single-cell 
suspensions (5xl0 5 cells) were incubated with the indi- 
cated (see Materials) antibodies diluted in PBS supple- 
mented with 10% FBS at a concentration of 0.2-0.5 |ig 
per 1x10 s cells at 4°C for 30 minutes and washed twice 
with PBS. 

Fluorescence-activated cell sorting analysis was per- 
formed using a FACScan™ flow cytometer and CellQuest 
software (Becton Dickinson, San Jose, CA, USA). 

Sodium dodecyl sulfate polyacrylamide 
gel electrophoresis and Western blotting 

Electrophoresis was performed with 10% polyacrylamide 
sodium dodecyl sulfate (SDS) gels, for 60 minutes at 20 V 
and 100 mA (PowerPac HC; Bio-Rad Laboratories). Gels 
were loaded with 20 uL of transfected cell lysate in the 
loading dye. After running, the gels were transferred to a 
methylcellulose membrane for 45 minutes at 20 V and 400 
mA on a Bio-Rad blotter and labeled with an anti-gD mAb 
or an anti-BoHV-1 polyclonal Ab. Briefly, the membranes 
were blocked with PBS with Tween-20 (PBST) plus 3% low 
fat dehydrated milk (blocking buffer), overnight at 4°C with 
constant rocking. Membranes were incubated with mouse 
anti-gD mAb (VIDO) in blocking buffer at an appropriate 
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dilution, for 60 minutes at RT with constant rocking. Mem- 
branes were washed three times with PBST and incubated in 
the same conditions with biotinylated goat anti-mouse IgG 
(H+L), human serum-adsorbed polyclonal Ab (Kirkegaard 
and Perry Laboratories, Inc, Gaithersburg, MD, USA). Mem- 
branes were washed again in the same way and incubated as 
previously described with streptavidin-alkaline phosphatase. 
Membranes were washed five times with PBST and developed 
with nitro-blue-tetrazolium-5 -bromo-4-chloro-3 -indolyl- 
phosphate (NBT-BCIP) (Promega). ImageJ freeware image 
processing developed at the National Institutes of Health was 
used for image analysis ( http://rsbweb.nih.gov/ij/ ). 

Cytokine enzyme-linked immunosorbent 
assay 

Cytokine concentrations were determined in the superna- 
tants of gD A -transfected DC 48 hours post-transfection. 
Cytokine determinations were performed by a sandwich 
enzyme-linked immunosorbent assay (ELISA). Briefly, 
ELISA plates (Maxisorp; Nunc) were coated with rat- 
anti-mouse IL-6, IL-10, IL-12, or tumor necrosis factor 
alpha (TNFa) antibodies (Pharmingen, San Diego, CA, 
USA) diluted in carbonate-bicarbonate buffer (0.05 M, 
pH 9.6) and incubated overnight at 4°C. The plates were 
washed three times with PBST, and blocked with PBS 
supplemented with 10% FBS for 1 hour at RT. Culture 
supernatant and standards were added to the plates in dupli- 
cate and incubated for 2 hours at 4°C. After three wash- 
ings, the corresponding biotinylated anti-cytokine Ab was 
added and incubated for 1 hour at 37°C. The plates were 
washed, incubated with horseradish-peroxidase-conjugated 
streptavidin for 1 hour. After re-washing, 3,3',5,5'-tetram- 
ethylbenzidine substrate was added. The absorbance at 450 
nm was measured in a Multiskan EX spectrophotometer 
(LabSystems, Helsinki, Finland). Cytokine concentrations 
were calculated based on the optical densities obtained 
with standards. 

Statistical analyses 

All series of experiments were performed at least three times 
with the exception of the Western blot (WB), which was 
performed once. 

Student's f-test was used to compare two groups (plain-L 
and TATp-L) when considering EGFP transfection efficiency. 
A one-way ANOVA and a Bonferroni post hoc test were 
used to compare various treatment effects on IL-6 secretion. 
AP<0.05 for comparisons was considered significant. Log 10 
transformation was done when necessary. 



Results 

Cell culture characterization 

Flow cytometry of the bone marrow-derived DC cultures 
demonstrated that more than 60% of the loosely adherent 
cells exhibited specific molecular markers for DC (CD1 lc), 
which provided a sufficient level of cell purity for these 
studies (Figure 1). MHC class II marker was present (20%) 
and Gr-1 -positive cells constituted less than 10% of all cells 
(data not shown). 

Liposome characterization 

Size measurements showed that more than 90% of liposomes 
were within the range of 100-250 nm, with the average size 
of 150-200 nm. ^-potential values were 4.5 mV for plain-L 
and 6.9 mV for TATp-L (Table 1). In addition, liposomes 
were shown to form a stable complex with plasmids that were 
disaggregated when incubated with detergent, allowing the 
release of the plasmids (Figure 2). 

Liposome uptake by DC 

This assay allowed the visualization of liposome uptake by 
cells with liposomes labeled with trace amounts of rhodamine. 
The liposomes were incubated with DC for 10 minutes. Cells 
treated with TATp-L showed a strong adherence to liposomes 
(Figure 3). Furthermore, the penetration of TATp-L into 
DC was evident from the accumulation of the liposomes 
in small, well-defined vesicle-like compartments within 



o 




10° 10 1 10 2 10 3 10 4 

CD11c 



Figure I Evaluation of GM-CSF-stimulated bone marrow-derived cells cultured 
(loosely attached cells) for the expression of CD I lc. 

Note: Typically 65% or more of the cells were positive for this DC marker (solid histogram, 
FITC-CD I I c) in comparison with the isotype control (transparent histogram). 
Abbreviations: CD I lc, cluster of differentiation I lc; DC, dendritic cells; FITC, 
fluorescein isothiocyanate; GM-CSF, granulocyte-macrophage colony-stimulating 
factor. 
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Table I Size and ^-potential of plain and TATp-liposomes 



Bright field 



Hoechst 



Rhodamine 





Size (nm) 


Zeta potential (mV) 


Plain liposomes 


I64.6S±45.05 


4.54+1.65 


TATp-liposomes 


172.41 ±49.84 


6.92+1 .71 



Note: Sizes and zeta potentials are expressed in means ± standard deviations. 
Abbreviation: TATp, TAT peptide. 

these cells. Plain-L-treated DC showed faint background 
surface staining. 

TATp-liposome penetration of DC 

To demonstrate that TATp-L penetrated DC, serial pictures 
of the treated cells that showed rhodamine fluorescence were 
taken in two parallel planes (tangential and longitudinal) after 
150 minutes of incubation in complete medium. The images 
clearly demonstrated vesicles with Rh-labeledTATp-L inside 
cells (Figure 4), which confirmed the enhanced penetration 
of DC by TATp-L. 

In vitro transfection of DC with 
TATp-liposomes 

After 48 hours of incubation, DC cultures treated with either 
plain-L or TATp-L loaded with the DNA encoding for the 
EGFP clearly demonstrated an increased fluorescence in 
samples with TATp-L (Figure 5). The quantitation of the 
transfection with cell counts showed a transfection increase 
of 36% with a TATp-L carrier compared to a plain-L carrier 
(67%+5.0% versus 31%±6.9%, respectively) (Figure 6A). 
When replicate samples were analyzed by flow cyto- 
metry, similar results were obtained. However, when double 



Triton X-1 00 



Control 



/ 



4 



4? 




Figure 2 Evaluation of liposome stability and plasmid release. 
Notes: Liposomes containing pEGFP-NI plasmid were treated with Triton X-I00 
(60 minutes at 37°C) or with PBS {control, incubated in the same conditions). 
Samples treated with detergent were disrupted, and thus the released plasmid 
ran within the 0.8% agarose gel. Intact control liposomes remained in the gel lane. 
A molecular weight marker (I Kb) was placed in well 3. 

Abbreviations: MWM, molecular weight marker; PBS, phosphate- buffered saline; 
plain-L, plain liposomes; pEGFP-NI, plasmid encoding for the enhanced green 
fluorescent protein; TATp-L, TAT peptide liposomes. 
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Figure 3 Fluorescence microscopy of rhodamine-labeled liposomes in DC. 
Notes: Liposomes were incubated with DC for 10 minutes in serum-free medium. 
Cells were washed and incubated additionally in complete medium for 60 or 1 50 
minutes (immersion lOOx). TATp-L (A), plain-L (B). Reference marker -10 (im. 
Abbreviations: DC, dendritic cells; plain-L, plain liposomes; TATp-L, TAT peptide 
liposomes. 
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Figure 4 Dendritic cells after IO-minutes incubation with TATp-L and 1 50 minutes 
in normal medium. 

Notes: Two serial photographs were focused in parallel tangential (A) and 
longitudinal (B) planes. The vesicle-like compartments were observed at lOOx with 
digital augmentation. Reference marker -10 (im. 
Abbreviation: TATp-L, TAT peptide liposomes. 
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Figure 5 Fluorescence microscopy of bone-marrow-derived DC 48 hours post-transfection with pEGFP-NI using plain-L or TATp-L as carrier. 
Notes: Bright field (A), Hoechst (B), EGFP (C), (B) and (C) merged (D). Reference marker = 1 0 u_m. 

Abbreviations: DC, dendritic cells; plain-L, plain liposomes; pEGFP-NI, plasmid encoding for the enhanced green fluorescent protein; TATp-L, TAT peptide liposomes. 



analysis with specific DC marker versus EGFP expression 
was performed it was shown that 47% (TATp-L) and 22% 
(plain-L) were indeed transfected DC (Figure 6B). 

To address the issue of the immunological activity of 
the de novo synthesized protein, the transfection using an 
encoding plasmid for the gD of BoHV- 1 was performed. 
After a 48-hour transfection period, DC lysates were run on 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) followed by a WB against the gD. Protein was 
expressed only in DC treated with liposome-plasmid com- 
plexes (Figure 7A). However, the expression level achieved 
with the TATp-L treatment was two-fold higher than the 
expression level achieved with the plain-L treatment as 
it was determined by the ImageJ densitometric analysis 
of the WB bands. As a loading control, a duplicate WB 
was developed using a BoHV- 1 polyclonal Ab that showed 
an unspecific band in all samples with the same intensity 
(Figure 7C). 



Positive nanovehicle controls performed with commer- 
cial transfection reagents (plasmid plus Lipofectamine or 
Lipofectin) were very toxic to the DC. After 48 hours, the 
majority of such treated cells were dead. Negative nano- 
vehicle controls performed with plasmid plus HBS were 
negative in all experiments (data not shown). 

Secretion of IL-6 by DC after transfection 
with TATp-liposomes 

After the transfection period (48 hours), supernatants of DC 
cultures were screened for IL-6, IL-10, IL-12, and TNFa. 
Only IL-6 was found in the supernatants of DC treated 
with TATp-L plus pCIgD A (the plasmid for BoHV-1 gD). 
A significant difference in IL-6 secretion (_P<0.001) was 
observed between TATp-L and pCIgD A and the other treat- 
ments: TATp-L plus pCIneo (empty plasmid), or plain-L plus 
pCIneo orpCIgD A (Figure 8). There was also IL-6 secretion 
with Lipofectamine or Lipofectin alone (without plasmid), 
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Figure 6 EGFP transfection efficiency. 

Notes: The percentage of transfected cells was counted 48 hours post-transfection. EGFP was expressed at a higher value in DC treated with TATp-L (67%+5.0%) in 
comparison with plain-L (3 I %±6.9%). ***P<0.000l, Student's t-test, n-6 (A). Double analysis of EGFP expression and CD I Ic specific marker resulted in 47% for TATp-L 
and 22% for plain-L (B). 

Abbreviations: DC, dendritic cells; EGFP, enhanced green fluorescent protein; PerCP-Cy5.5, peridinin chlorophyll cyanine 5.5; plain-L, plain liposomes; TATp-L, TAT 
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and with Lipofectamine and naked plasmid, both with and 
without the gD encoding gene, suggesting that this response 
was nonspecific and due to stimulation by the transfection 
reagent or the naked plasmid (data not shown). In addition, 
when liposomes were incubated with no cargo (empty lipo- 
somes), there was no cytokine detection (data not shown). 

Discussion 

DC are especially useful for transfection in vitro and intrave- 
nous reinjection (autograft) into patients for use against can- 
cer when a strong CTL response is required. 33-37 The results 
presented here demonstrate how liposomal properties, as 
carriers for prophylactic or therapeutic vaccination, could be 
improved. Liposome uptake by cells using rhodamine-labeled 
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Figure 8 IL-6 secretion by dendritic cells 48 hours post-transfection. 
Notes: Cytokines were assayed in DC culture supernatants48 hours post-transfection 
by ELISA. IL-6 was expressed at a high value only from TATp-L-treated cells. pClneo: 
pClneo plasmid (empty, as control). pClgD A : pClgD A plasmid (encoding for BoHV- 1 
gD anchored version). ***P<0.00 1 for multiple comparisons in a Bonferroni post 
hoc test (against all), n— 6. 

Abbreviations: BoHV-l, bovine herpes virus type I; DC, dendritic cells; ELISA, 
enzyme-linked immunosorbent assay; gD, glycoprotein D; IL-6, interleukin 6; 
pClneo, pCI-neo plasmid not encoding for an antigen; pClgD A , pCI-neo plasmid 
encoding for BoHV-l anchored gD; TATp-L, TAT peptide liposomes. 



liposomes demonstrated that liposome uptake by DC can be 
significantly improved with liposomes modified with TATp. 
This uptake phenomenon has been described for other cell 
types. 26 ' 3 " 0 It was also shown that the uptake was time-depen- 
dent since liposome accumulation in intracellular vesicles 
was greater at 150 minutes compared to 60 minutes. The 
liposomes appear to be in the cytoplasm. All pictures were 
taken in microchambers with living cells (in medium) so that 
artifacts were unlikely. In addition, as seen in Figure 4, plane 
B (inner section of the cell), the vesicle-like compartments 
containing the liposomes are very well-defined, in contrast to 
the surface picture, and tend to surround the nuclei without 
penetrating inside the nuclear membrane. 

Using EGFP as a reporter gene, DC were shown to be 
transfected more efficiently with DNA-loaded TATp-L 
compared to DNA-loaded plain-L. This correlates with 
the liposome uptake by DC and is especially important 
since the ability to transfect DC is critical because they 
play a key role in generating an immune response. It has 
been demonstrated elsewhere that the low levels of DC 
transfection are due to the low penetration of DNA into 
the cytoplasm due to rapid degradation in endosomes or 
by specific mechanisms protecting cells against foreign 
DNA. 41 " 46 To avoid degradation, DNA must both penetrate 
the cell membrane, be delivered directly into the cyto- 
plasm and bypass the endocytic pathway. 47 Both, plain-L 
and TATp-L are attracted to the DC surface because of 
their net positive charge. However, with short incubation 
times, only TATp-L significantly penetrate DC since TATp 
readily binds to cell surface proteoglycans and triggers 
receptor-mediated endocytosis (macropinocytosis). 48 With 
sufficiently longer incubation, both formulations can be 
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taken up by DC, evidently due to the non-receptor-mediated 
endocytosis. Clearly, the TATp-L transfected DC more 
efficiently because of their specific binding to the cell 
surface 48 and their ability to escape from endosomes by 
destabilizing them. 39 - 49-54 

These experiments with EGFP demonstrate the possibil- 
ity of efficient DC transfection. To prove that the expressed 
protein can be immunologically active, we repeated some 
experiments using pCIgD A instead of pEGFP. By WB, we 
demonstrated that DC treated either with pCIgD A -loaded 
plain-L or with TATp-L expressed the gD. However, transfec- 
tion performed with TATp-L resulted in a protein expression 
two-fold higher than the expression obtained with plain-L 
which correlates with the result of EGFP expression. In addi- 
tion, gD-transfected DC produced IL-6 specifically only when 
treated with pCIgD A -loaded TATp-L. IL-6 is a proinflammatory 
cytokine related to the maturation of B lymphocytes and their 
stimulation to produce antibodies, among other functions. 55,56 
The higher efficiency of TATp-L in gene delivery into cells, 
as shown by EGFP and gD expression, resulted in an amount 
of the de novo synthesized protein sufficient to stimulate the 
cytokine secretion. This was probably due to the ability of 
the synthesized gD to surpass the threshold needed to trigger 
the IL-6 secretion. It has been noted earlier by others 41 " 43 - 57-62 
that the toll-like receptors 2 (TLR2) and 9 (TLR9) trigger 
the IL-6 secretion in DC and are capable of recognizing the 
herpes simplex virus (HSV) envelope proteins such as gD 
(TLR2) and genomic HSV DNA (TLR9). BoHV-1 and HSV 
are highly related viruses. This suggests that the response 
could be specific to newly-synthesized gD that stimulates 
the TLR2 and/or plasmids that, in turn, stimulates the TLR9 
in DC. In this case, DC transfection using TATp-L would be 
more efficient than plain-L in stimulating a strong humoral 
response by the secretion of IL-6 that subsequently enhances 
the B lymphocyte activity. Experiments to clarify this issue 
are currently underway. 

There have been many in vitro gene transfer attempts 
using DC. 4 - 20 - 63 - 64 APC are very resistant to transfection 4,20,63-65 
due to the specific mechanisms they use to take up and 
degrade antigens and pathogen-associated molecular pat- 
terns, including DNA, which involves various specific rec- 
ognition sites including toll-like receptors. 41-43 

Even though methodologies based on transduction using 
recombinant viruses are the most widely used they have prac- 
tical limitations, such as difficulty with large-scale production 
and immune interference. 4,20,63,64,66,67 Various non- viral trans- 
fection reagents are also available (Lipofectamine, Lipofec- 
tin, Tfx-50, Effectene®, DOTAP, FuGENE®, X-tremeGENE, 



CLONfectin, etc), but are very toxic to DC. 20,63 We observed 
this with Lipofectamine or Lipofectin. By contrast, both 
plain-L and TATp-L were nontoxic to DC and this has also 
been reported for similar preparations on many other cell 
types. 26 

Our delivery system showed improved DC transfection 
levels when performed with TATp-L. 

Even though it is very useful to have new methodologies 
for in vitro transfections of DC for use in "cell vaccines" 
or other therapies, the possibility of using them directly in 
vivo remains a challenging issue. However, transfections 
in vivo, by the injection of liposome-plasmid complexes, 
would have great advantages. Liposomes are excellent 
candidates for this purpose because of their low cytotoxic- 
ity, good stability, capacity as a carrier, and their ability to 
efficiently transfect DC when modified with TATp. 
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